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ABSTRACT 
DONG JOON KIM, JORDAN HOURY, CARY ROY: The Effects of Ultrasonic and 
Photochemical Pretreatment on Heating Value and Carbon Capturing Ability of Fast 
Pyrolysis-Derived Biochars 
(Under the direction of Wei-Yin Chen) 
 
Slow pyrolysis biochar has been shown to be receptive to ultrasonic and photochemical 
pretreatment that raises the heating value, surface area, and carbon content of the 
samples. This experiment was designed to test the feasibility of substituting fast pyrolysis 
derived biochar in place of slow pyrolysis biochars in order to reduce production times. 
Furthermore, new biomasses (switchgrass, rice husk, and rice straw) were tested for their 
receptiveness to pretreatment methods.  It was ultimately determined that fast pyrolysis 
biochars that were exposed to pretreatment increased their carbon content and surface 
area but did not experience a heating value increase to the same degree as slow pyrolysis 
biochars. It was hypothesized that this was due to the presence of oxygen in the reactor 
that produced the chars, a condition atypical in pyrolysis reactors that might have led to 
side reactions during pyrolysis that prevented improvements from heating value to take 
place.
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Introduction 
 
Biochar Applications Background 
The coal fired steam cycle is the most common power generation technology and 
it accounts for one-third of human created CO2 emissions [1]. Due to this unfortunate side 
effect of power generation through conventional coal power generation, it is expected that 
Integrated Gasification Combined Cycle (IGCC) plants will begin to supplant previous 
power generation plants in the future [1]. Nevertheless, it is highly desirable to further 
improve its efficiency. Cost effective technologies are highly desirable in improving 
sustainability in energy, environment, and economy. One such method is the co-
gasification of a standard fuel with a biochar which reduces the overall generation of carbon 
dioxide.   
Biochar is one of the resulting products (along with bio-oil) when biomass is heated 
in the absence of air (pyrolyzed) [2]. The biomass used for this process can be varied and 
many different types of biomass have been used to create biochar. Biochar’s allure comes 
from its ability to be used in carbon sequestration which, when coupled with the large and 
sustainable pool of biomasses, can be used to actively reduce the amount of carbon dioxide 
in the atmosphere [2]. The biomass collects and stores atmospheric carbon dioxide as it 
grows which is then released as it burned as a fuel source, creating a sustainable cycle as 
seen in Figure 1. Biochar also has uses as a soil amendment, absorbing toxic materials. 
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Figure 1. The Lifecyle of carbon used as biochar [3]. 
 
Previous Results and Limitations with Biochars 
Even with biochar’s evident utility as a de facto fuel source, it has been shown 
that biochar is suseptible to treatments, specifically photochemical and ultrasonic, which 
can increase both the carbon content and heating value of the biochar and consquently the 
biochar/fuel combination feedstock [4]. Chen et al saw internal surface area of sorghum 
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biochar increase up to 19 times and heating value go to 1.5 times the initial value of 
untreated biochar [4]. Pre-gasification photochemical or ultrasonic pretreatment of 
biochar, which itself is used to capture a fraction of the CO2, increases the biochar energy 
content. The single-step technology enhances the energy efficiency and power-generation 
rate, recycle carbon (CO2) to fuel, reduces operational problems in gasification, and 
returns nutrients (due to leaching of minerals such as K, Na and Si) to the soil. Therefore, 
pretreatment combined with co-gasification provides an interesting and sustainable 
system for power generation, as seen in Fig 2.
 
Figure 2. The proposed ultrasonic or photo pretreatment of biochar with CO2 and water 
in a co-gasification process with two fuels sources induces multiple synergisms in a 
single step of operation. 
However, there are limitations with the proposed utility of biochar and conventional 
fuel combined gasification. Namely, the production of biochar as done by Chen et al took 
a significant amount of time to produce a very limited amount of biochar: about 2 grams 
of biochar required several hours to produce in a batch, slow pyrolysis production system 
where the biomass was raised to 550oC over the course of 110 minutes and held for 12 
hours then cooled for 12 more hours [4]. To make the co-gasification energy system more 
feasible, it is necessary to produce biochar more quickly. Pyrolysis is not required to be 
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slow, fast pyrolysis is also an option to explore: the reactor hold time and temperature can 
be varied to alter how pyrolysis occurs and which products are favored in the reaction, with 
slower rates of heating and longer residence times in the reactor favoring the production of 
biochar over bio-oil [5]. 
 
Rice Byproducts as Biochar Sources 
Rice is the world’s second most voluminous cereal crop produced yearly with 480 
million metric tons per year of production of milled rice [6]. There are three chief 
byproducts of rice production, as seen in Figure 3. 
 
Figure 3. The steps in rice production and byproducts produced [7]. 
For every kg of milled rice produced there is 0.7 to 1.4 kg of rice straw produced 
as a byproduct and rice production in Asia alone produces 770 million tons of husk per 
year [7], [8]. Taking the conservative end of the range of rice straw, milled rice production 
each year produces more than 1.5 billion tons of byproduct biomass.  
A familiar sight for many Indians and residents of other Asian nations is the annual 
burning of the famers’ rice paddies which contributes to air pollution that in some cities, 
such as New Delhi, gives air quality the dubious honor of being some of the worst in the 
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entire world [9]. Farmers burn the leftover rice straw in their fields for the benefits of 
fertilizing wheat and killing pests, among others despite technology existing that makes 
such practices unnecessary [9]. Most farmers continue to burn their rice paddies when 
changing crops however because they can’t afford the supplanting technology and there 
exists only a very limited market to sell the straw [9]. Similarly, rice husk has historically 
been considered a waste byproduct which was either burned or dumped in landfills [8]. The 
good news is that both waste products have seen a rise in the number of alternative power 
plants that can utilize the products as fuel [8], [9]. The bad news, however, is that while 
these power plants are growing in number they only use a minority of the total amount of 
byproduct produced yearly [9]. The large amount of available biomass, the problems 
presented with its disposal, and the growing power generation industry offers an intriguing 
opportunity surrounding this staple crop is why this particular biomass was chosen for 
experimentation. 
 
Switchgrass Biomass 
Switchgrass is a rugged grass well suited for a significant portion of North America 
[10]. With marginal amounts of land, it is possible to gain high yields on crops of 
switchgrass as the plant grows typically between 3 to 10 feet in height [10]. Because of its 
potential farming area and high yield, switchgrass is emerging as a biomass well suited for 
carbon sequestration and by extension biochar applications. 
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Summary and Bringing It All Together 
The objective of this experiment was to attempt to replicate the results of Chen et 
al using a fast pyrolysis, rice byproduct and switchgrass biomass derived biochar in place 
of the slow pyrolysis, sorghum biomass derived biochar to provide for more ease of use of 
biochar in co-gasification/IGCC applications and soil amendment applications. 
Experiments were designed to test how the fast pyrolysis system would compare to slow 
pyrolysis, which byproduct of rice is most receptive to pretreatment, and how treatment 
affects results. Rice biomass was specifically chosen due to its abundance worldwide, the 
large amount of byproduct biomass produced yearly due to harvesting, the problems 
associated with its disposable (namely, air pollution and carbon emissions), and the 
emergence of an industry that could quickly implement an improved by pretreatment 
biochar. Switchgrass was chosen for its wide range of production land area and high crop 
yield potential. This feasibility study aims at elucidating the energy consumption, material 
balance and product characterization of a biochar in both photochemical and ultrasonic 
pretreatment processes.  Biochars of rice husk, rice straw, and switchgrass of high mineral 
content was treated with varying extent of photochemical and ultrasonic energy output.  
Gasification is a viable technology for producing high-density clean gaseous and liquid 
fuels from agricultural wastes such as rice husk.  Energy consumptions during the 
treatments is likely the leading factor governing the thermal efficiency of concept described 
in Figure 2, and, therefore, have the ultimate importance to the cost of a pretreatment 
technology.  Moreover, attachments of carbon and hydrogen elements to the biochar, 
mineral leaching and organic dissolution into the leachate have profound impacts on the 
performance of the concept. 
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Experiment 
Pyrolysis Conditions and Device 
Rice husk biomass obtained from Producers Rice Mill in Stuttgart, Arkansas was 
pyrolyzed in an auger reactor at 500oC with a varying residence times in the same device 
Ingram et al used for their prior work [5].  The auger reactor is a tube of length 102 cm, 
diameter 7.6 cm, with a corkscrew employed to push the biomass along its length [5]. The 
heat is applied using band heaters stationed along the length of the reactor. The reactor 
does not employ either heat carriers or carrier gases and operates at a continuous rate.  
 
Ultrasound Treatment 
The ultrasonic treatment apparatus and procedure established by Chen et all was 
refined to minimize energy dissipation, allow accurate estimate of energy consumption and 
maximize the CO2 throughput for capture [4]. This thesis was meant to build upon and 
refine this setup. Biochar was ground and sieved to be between 150 and 250 microns in 
size and collected. 200 mL of distilled water in a beaker was heated to 60oC via a heating 
plate and then bubbled with ultra-high pure CO2 gas for two minutes before 5 grams of 
biochar were added to the solution.  The solution was bubbled with CO2 again for two more 
minutes.  Upon saturation, the biochar and distilled water solution was then subjected to 
ultrasound while CO2 was continuously bubbled through the solution during the treatment 
as shown in Figure 4.  The continuous flow of CO2 ensures maximal dissolution of CO2 
for capture by biochar in the aqueous phase.  
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Figure 4. Ultrasonic experimental setup 1.) CO2 delivery apparatus. 2.) Heating Element. 
3.) Biochar and distilled water solution. 4.) Ultrasound horn 
A laboratory ultrasonic cleaner equipped with a water bath was used to induce 
ultrasonic wave in Chen et al’s work [4].  This setup allowed a large fraction of ultrasonic 
energy to be lost when the wave passed through the 200 mL water bath and surrounding 
air; only part of it reached the biochar/water/CO2 sample in a flask.  To minimize such 
energy loss and allow accurate estimation of required energy for the desired synergism, a 
different sonicator was used in the current study.  The sonicating horn of a Misonix (now 
Qsonica) Sonicator XL2010, emitting a 20 kHz acoustic wave, was directly inserted into 
the biochar and distilled water solution for these tests.  The treatment times were 5 seconds, 
15 seconds, 30 seconds, 1 minute, 10 minutes, and 1 hour.  After treatment, the solution 
was allowed to cool to room temperature before being filtered with a Whatman filter paper 
with 20 to 25 micron meter pore size.  The biochar sample was dried at 60oC overnight in 
a vacuum oven.  The biochar samples before and after the treatment were weighed.  Both 
biochar and its filtrate are stored for chemical analyses. 
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The Misonix Sonicator XL2010 sonicator draws a maximum of 475 Watts power 
output with the actual amount of energy drawn is indicated on the machine as a percentage.  
The sonicator uses a smaller percentage to power itself in less dense media, such as air, 
and a higher percentage in a denser media, such as biochar and water solutions.  The 
difference in the two percentages is the percentage of power that is being transferred to the 
solution.  Therefore, the difference in the two percentage readings (air and the solution) 
multiplied by the wattage of the device and the treatment time is the ultrasonic energy 
provided to the solution.  The energy given to the solution was then divided by the mass of 
biochar present in the test to provide a basis of comparison between energy spent per gram 
of biochar and change in heating value. It should be noted, however, that the ultrasonic 
energy is absorbed by both species of the reacting system, biochar and water solution. The 
optimal ratio of biochar to water is not investigated in this study. 
 
Photochemical Treatment 
The photochemical treatment and setup was also refined to enhance and maximize 
CO2 contact and capture with the biochar solution and is illustrated in Figure 5.  
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Figure 5. Experimental Setup, Photochemical Treatment. 1.) Mirror. 2.) Heating Plate  
3.) Double-Neck Flask. 4.) CO2 delivery apparatus. 5.) Photochemical Lamp Light.                     
6.) Lamp Power Unit. 7.) Lamp Control. 8.) Lamp Light and Delivery Focus.                               
9.) Light-Blocking Plastic Film 
 
The irradiation power given off by the xenon lamp was accurately and carefully 
measured so that meaningful gains in the heating value of the biochar could be correlated 
and related to the irradiation power given off by the lamp. 
Like the ultrasound treatment, biochar particles of between 150 and 200 microns 
were used in photochemical treatment. 200 mL of distilled water, placed in a double-neck 
flask, was heated to 60°C via conduction heating on a heating plate, and then was bubbled 
with CO2 for two minutes.  The lab was then sealed off from external light sources, and the 
treatment reacting system was covered in a light-blocking plastic film.  These were to 
ensure that the unwanted light from environmental sources did not contribute to the 
experiments and therefore interfere with the results.  About 5 grams of biochar were then 
introduced to the flask, and the resulting solution was bubbled with CO2 for an additional 
two minutes in order to ensure complete CO2 saturation of the solution.  The photochemical 
lamp was then turned on, and the selected biochar sample was subjected to photo-
irradiation for a selected period of time, with continuous bubbling of CO2 during this 
process. The selected periods of time were 15 seconds, 30 seconds, 1 minute, 10 minutes, 
and 1 hour. After this treatment was completed, the samples were removed from the 
treatment set-up, allowed to cool to room temperature, and then filtered on Whatman filter 
paper with a pore size rating of between 20 and 25 microns.  The biochar sample was dried 
11 
 
at 60°C overnight in a vacuum oven.  The biochar samples before and after the treatment 
were weighed. 
An SLM Instruments model EX1450 xenon lamp was used for the photochemical 
treatment, and it was powered by an Electronic Measurements (now Keysight 
Technologies) model ELXE-500-0336 power supply. When turned on, the lamp projected 
an intense light in the shape of an ellipse. The power-per-area intensity of the light 
produced by the lamp was at 2.56 W/cm2 directly in front of the lamp bulb. After striking 
the mirror, it lost approximately 53.1% of its power, with a measured intensity of 1.20 
W/cm2 after being reflected by the mirror. When passing through both sides of the empty 
double-neck flask, the intensity decreased by 25.0% to 0.90 W/cm2. Thus, the solution in 
the flask received about 1.05 W/cm2 light irradiation during the photochemical treatment. 
The semi-major axis of the ellipse projected was 5 cm, and the semi-minor axis was 2.5 
cm. Using the equation of the area of an ellipse, the area of exposure was calculated as 
being 39.3 cm2, and the resultant power of the light received by the biochar solutions was 
about 41.2 W. 
 
Ash analysis 
When biochar was treated with photochemical and ultrasonic methods, there was a 
noticeable decrement of minerals in the biochar. Biochar samples were turned to ash by 
heating them at 750˚C for 8 hours, and afterwards the residues were weighed. For purposes 
of clarity, the amounts of Si, Na, and K were expressed and quantified using ICP-OES, and 
then corrected to the states in which the metallic elements occur, such as Na2O, CaO, etc. 
This work was done by Huffman Hazen Laboratories.  
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BET Surface Area and Pore size 
Both the BET surface area and pore size of the biochar samples were measured 
using Quantachrome Instruments NOVA 2000 gas sorption analyzer. Adsorption and the 
classical helium void volume method were used for the two outcomes. All samples were 
tested in 11 inch long, 9 mm diameter bulbless cells with glass filler rods. These samples 
were degassed for 20 hours at 50˚C in order to remove unwanted moisture and 
contaminants. These samples were analyzed at these specific set of conditions: Equilibrium 
pressure tolerance of 0.1mm Hg, equilibrium time tolerance of 60 seconds, dwell time of 
240 seconds, and a thermal delay of 300 second. After degassed, the cell was put in a long 
cylinder which contains liquid nitrogen to drop the temperature below -190˚C. In order to 
measure Surface Area and Pore size, nitrogen gas; NOVA 2000 is in line with nitrogen gas 
cylinder, was provided during the whole process with 10 psig.  
 
pH 
After all of treated samples were filtered on a filter paper (Whatman qualitative 
filter paper, Grade 4; 20-25μm particle retention, 205μm thickness, and cellulose filter), 
pH of the leachates were measured by electronic pH meter, Bench 700Series, EUTECH 
Instruments.  
 
Biochar (Elemental Content, Heating Value) 
Heating value was calculated by calorimeter in Huffman Hazen Laboratories. 
ICP-MS and ICP-AES were used in order to determine quantifiable elements, and metal 
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in both biochar and leachate in Huffman Hazen Laboratories. 
 
Filtrate (Total suspended particles, Metal, Total Organic Carbon, Dissolved Organic 
Carbon) 
All leachates were centrifuged before TOC, DOC, and suspended particles 
measurements were achieved. Total Organic Carbon, and Dissolved Organic Carbon 
measurement was achieved by oxidizing the leachates, and thereafter the amounts of 
organic elements were converted to carbon dioxide, and purging the carbon dioxide from 
the sample. High temperature combustion was conducted to oxidize the samples, and if 
inorganic carbons can be removed completely over acidification, the organic carbons and 
carbon dioxide were then measured by a nondispersive infrared detector; wavenumber of 
2349cm-1. Each sample was collected in a glassware, and filtered with a glass filtration 
device which the glassware has. After filtration, all samples were cooled in a refrigerator. 
 
Results and Discussion 
 
Colors of Leachates after Sonication and Photochemical Treatments 
As demonstrated by Figure 6, which shows the three leachate samples; ultrasound 
treatment time 30 seconds, 10 minutes, and 1 hour respectively. Clearly, color of samples 
is getting darker the longer the treatment time each sample. In other words, ultrasound 
pretreatment degrades the biochar and, in addition to less obvious changes that must be 
tested to be seen, the pretreatment has clear visual outcomes and longer treatment times 
affect the biochar more significantly. There does not appear to be as significant of a 
difference between 10 minutes and 1 hour as there is between 30 seconds and 10 minutes. 
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Chen et al saw results in heating value and surface area demonstrate that there was not a 
linear relationship between either of those two variables and treatment time. These 
leachates are the first indication that point to that same conclusion. 
 
Figure 6. Three leachate samples from ultrasound testing (30 s, 10 min, 1 hr). Note the 
color gradient getting darker from left to right.  
 
Surface Area of Biochar 
 Ultrasonic Pretreatment Effectiveness on Rice Byproducts 
To test the effectiveness of pretreatment on rice byproducts, a sample of both rice 
husk and rice straw were pyrolyzed separately in an auger reactor at 500 degrees Celsius 
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with a transit time of 36 seconds. These biochars were then treated ultrasonically for 1 
hour. The surface areas of the raw and treated biochars are seen below in Figure 7.  
 
Figure 7. Surface areas for rice byproducts pyrolyzed at 500 C for 36 s: both raw and 
treated ultrasonically for 1 hour. 
 Both byproducts responded to treatment and both saw significant increases in 
surface area but rice straw saw an increase almost 20 times greater than that of rice rust: 
an increase of 1950% for rice straw compared to only 110% for rice husk. It appears that 
rice straw is the more opportunistic byproduct for future pretreatment experimentation as 
far as surface area is concerned. 
 
 Pyrolysis Residence Time Effects on Switchgrass 
 Working with a new type of pyrolysis reactor, it was not known what residence 
time offered the best results for biochar production with maximized surfaced area. 
Switchgrass samples with two residence times (36 and 48 seconds) were pyrolyzed at 500 
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degrees C and tested afterwards, as seen below in Figure 8. 
 
 
 
Figure 8. Surface areas for switchgrass samples pyrolyzed at 500 degrees C for either 36 
or 48 seconds of reactor residence time. 
 Results suggest that longer residence times create biochars with greater surface 
areas. The obvious limitation with these results is that it is unknown whether all biochars 
behave in a similar manner to switchgrass. A further study might test other biochars to 
see if they followed the same trend and to seek the optimal pyrolysis time for maximizing 
surface area.  
 
Effects of Ultrasonic Pretreatment Time on Surface Area Results 
Chen et al saw a non-linear relationship between treatment time and percentage 
increase in surface area. A sample treated for 3 minutes obtained an 821.7% increase in 
surface area while a sample treated for 5 hours obtained an increase of 1073.7% (a 100x 
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increase in treatment length for a gain of only 1.3x) [4]. Results from Figure 9 below 
demonstrate a similar trend. 
 
Figure 9. Surface areas for rice husk samples pyrolyzed at 500 degrees C and 36 
seconds, raw and treated with ultrasound for 30 seconds, 1 minute, and 1 hour. 
 Without taking experimental length to the times Chen et al used, it is still possible 
to see that the reaction taking place occurs very quickly and is far less active in increasing 
surface area during longer treatment times, if present at all in this data. The values seen in 
the figure represent increases over raw biochar of 104%, 99%, and 110% and seemingly 
follow a similar reaction path as Chen et al. 
 However, despite a similar path, these results pale in comparison to Chen et al’s 
results. As previously mentioned, increases of 821.7% and 1073.7% were able to be 
achieved in 3 minutes and 5 hours of treatment time, respectively for their slow pyrolysis 
biochars. With the exception of rice straw pyrolyzed at 500 degrees Celsius for 36 
seconds, the fast pyrolysis biochars ultrasonically pretreated did not respond as well to 
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pretreatment as the slow pyrolysis samples, as can be seen in the summarized Table 1 
below. 
Type of Biochar 
Pyrolysis 
Temperature 
(ᵒC) 
Pyrolysis 
Time 
(sec) 
Sonication 
treatment 
time 
Surface 
area 
(m2/g) 
Percentage 
difference 
with raw 
biochar 
Switchgrass 500 36 Raw 3.67 - 
Switchgrass 500 36 1 hr 20.07 447% 
Switchgrass 500 48 Raw 16.06 - 
Switchgrass 500 48 15 sec 35.37 120% 
Rice husk 500 36 Raw 14.74 - 
Rice husk 500 36 30 sec 30 104% 
Rice husk 500 36 1 min 29.36 99% 
Rice husk 500 36 1 hr 31 110% 
Rice straw 500 36 Raw 2.56 - 
Rice straw 500 36 1 hr 52.48 1950% 
 
Table 1. Summary of ultrasonically pretreated fast pyrolysis biochar surface area results. 
 
pH Data During Sonication and Photochemical Treatments 
 
As illustrated above at the experiment section, steps were determined during each 
experiment in order to measure pH of samples and interesting results were found out. pH 
was considered important because hydrogen could be considered as a good index of 
reaction mechanism for carbon capturing by biochar. Figure 10 below demonstrates that 
there is no clear trend relating pyrolysis temperature for a fixed pyrolysis time and pH of 
the leachate.  
 
19 
 
 
 
Figure 10. Leachate pH measured in intervals for switchgrass biochars pyrolyzed at 
differing temperatures but with a fixed pyrolysis time. 
 Despite the lack of evidence supporting a relationship between pyrolysis 
temperature and leachate pH, it can be seen below in Figure 11 that there is a clearer 
relationship between pyrolysis temperature and leachate pH. 
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Figure 11. Leachate pH measured in intervals for switchgrass biochars pyrolyzed at 
differing times but with a fixed pyrolysis temperature. 
Therefore, these two figures show that pH is varied more by pyrolysis time than by 
pyrolysis temperature. 
 Figure 12 below illustrates a pH variation graph of switchgrass sample pyrolyzed 
at 500ᵒC for 36 seconds, but broken down by step. Each line is a different sample treated 
by sonication with different treatment time. pH was measured 5 times every step. First 
step is distilled water, the second step is distilled water after being saturated with carbon 
dioxide. Third step is right after the biochar is added into the CO2-saturated water. The 
three steps so far have comprehensible pH data. Distilled water has a pH around 5 but is 
lowered to around 4 once saturated with carbon dioxide. In sequence, pH is increased 
significantly at step 3 because biochar is introduced to the solution at that step, and the 
alkaline minerals present in the biochar raise the pH of the solution. Step 4’s pH 
represents the solution pH immediately after the conclusion of pretreatment. Step 5 is the 
pH of the leachate after the solids are filtered out. However, from step 4, the graph shows 
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interesting pH results. There is a consistent trend of pH by the treatment time. It shows 
that the longer the biochar is treated by sonication, the greater the increase in pH each 
biochar has.  
 
 
 
 
Figure 12. pH measured by step in ultrasonic pretreatment. 
 Figure 13 below shows a known chemical structure of biochar. There is a 
postulation made by the pH data: The increasing pH is that the number of hydrogen in 
biochar is increasing. In other words, some reactions took place during the sonication 
treatment. Carbon capturing, for example, could be a good example and reason to explain 
the pH increments during the sonication treatment. The carbons in the CO2 saturated 
water are taken by the various functional groups of the biochar and the amount of carbons 
in biochar is increased. In order to find out whether the postulation is correct, 
compositions of the treated samples were analyzed. 
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Figure 13. Known structure of biochar [11]. 
 Chen et all showed a significant increase in carbon, hydrogen, and heating value 
and significant decrease in ash and oxygen content after pretreatment [4]. The same 
elemental analysis and heating value analysis can be seen below in Table 2. 
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Biomass 
type 
Pyroly
sis 
temper
ature 
Pyrolysis 
time 
Ultrasound 
treatment 
time 
Carbon 
(% w/w) 
Hydrogen 
(% w/w) 
Ash  
(% 
w/w) 
Oxygen 
(% 
w/w) 
Heating 
Value 
(kcal/g) 
Rice husk 500ᵒC 36 sec raw 35.36 1.76 55 8.01 3.83 
Rice husk 500ᵒC 36 sec 15 sec 43.24 1.98 46.14 8.55 3.91 
Rice husk 500ᵒC 36 sec 10 min 42.87 1.94 46.44 8.46 3.88 
Rice husk 500ᵒC 36 sec 1 hr 43.38 1.92 46.8 8.42 3.85 
Sorghum 550ᵒC 12 hr raw 55.35 1.90 29.46 12.62 4.83 
Sorghum 550ᵒC 12 hr 3 min 65.44 1.84 24.40 7.62 5.74 
Sorghum 550ᵒC 12 hr 5 hr 81.2 2.68 11.4 3.98 7.26 
 
Table 2. Elemental analysis and heating value results from ultrasonic pretreatment 
samples with Chen et al’s results included, highlighted in grey [4]. 
 
All samples were ground prior to all analysis except ash content and metals. 
These samples were reported on a dried sample weight basis. Loss on drying was 
determined in air at 105 ᵒC overnight and is reported on an as received sample basis. Ash 
was determined after slow-stage ashing to 750 ᵒC in air overnight and holding at 
temperature for 8 hours. The heating value results are the gross heating values according 
to ASTM D5865. Table 2 shows chemical compositions of two different biochars. Both 
sets of data have a trend that carbon and hydrogen compositions, which contribute to the 
high heating value of biochar, increased after the sonication treatments. Whereas the 
oxygen composition was decreased significantly in the slowly pyrolyzed sorghum 
biochar, the composition of oxygen in the fast pyrolyzed rice husk biochar was not 
changed much, and if anything, actually experienced a slight increase. This result is 
directly related to heating value. Ash is mostly composed of minerals such as potassium, 
silicon and sodium. These minerals lower the heating value of biochar. Both slow and 
fast pyrolyzed biochars show the decrements of ash. Table 2 shows heating values of the 
biochar samples. As clearly seen, the heating value of sorghum biochar was increased 
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around 50% after 5 hours sonication treatment. However, the heating value of all rice 
husk biochars remained relatively constant. The only difference between two biochars is 
largely the pyrolysis time. Specifically, both the compositions of carbon and hydrogen 
which increases heating value of biochars were increased but the composition of oxygen 
only slowly pyrolyzed biochar was decreased. Therefore, table 2 shows a postulation that 
oxygen content might drop the heating value of biochar.  
Both composition and pH data suggest interesting possibilities for chemical 
reactions. As it is shown above, pH of the various solutions increased the longer 
sonication treatment experienced by the biochars. This means that hydrogen content in 
the solution which has biochar and saturated water is decreasing. In other words, the 
hydrogen is possibly taken in by reactions in biochar and the hydrogen content in biochar 
is increased. With this information, some possible reactions from sonication treatment 
could be derived as we have known some functional groups in biochar.  
 
Postulations of Chemical Reactions During the Treatment 
Reaction 1 (The Kolbe Reaction) 
Phenolic groups (OH) +CO2+ Sonication treatment 
Reaction type: Electrophilic Aromatic Substitution 
Heating the nucleophilic phenolate under 65 degree Celsius with sonication 
treatment results in regioselective ortho-substitution. This process is illustrated generally 
below in an excerpt from Carey’s Organic Chemistry and illustrated in Figure 14: 
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Step 1:  
The electrophilic carbon in the carbon dioxide reacts 
with the nucleophilic phenolate (the phenolate works  
like an enolate) in the ortho position. 
Step 2:  
The tautomerized intermediate of the non-aromatic  
cyclohexadienonecarboxlate is more stable aromatic  
compound and it becomes more stable by an intermolecular 
 hydrogen bond. Carboxylic acid will be generated  
by an acidic work-up. [12]     Figure 14. 
Mechanism for carboxylation of phenols [12]. 
 A carboxylation of a phenol is a likely mechanism for carbon dioxide sorption to 
biochar, but it is not necessarily the only method. As shown by Dibenedetto below it 
could also be a mechanism involving amines and illustrated in Figure 15: 
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Reaction 2 
Amine +CO2+ Sonication treatment 
 
 
Figure 15. Possible mechanism for sorption of carbon onto biochar [13]. 
 
 There are any number of possible mechanisms for sorption of carbon dioxide to 
biochar and the sorption may not be solely reactive, it may also be a physical 
phenomenon. 
 
Photochemical Pretreatment Results 
 The compositions and heating values of photochemically treated biochar were 
also analyzed and the results are similar to the results of sonication treatment data, seen 
below in Table 3. 
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Biomass 
type 
Pyrolysis 
temperat
ure 
Pyrolysis 
time 
Photochemical 
treatment time 
Carbon 
(% 
w/w) 
Hydrogen 
(% w/w) 
Ash  
(% 
w/w) 
Oxygen 
(% 
w/w) 
Heating 
Value 
(kcal/g) 
Rice husk 500ᵒC 36 sec raw 35.36 1.76 55 8.01 3.83 
Rice husk 500ᵒC 36 sec 15 sec 42.58 1.98 46.91 8.75 3.84 
Rice husk 500ᵒC 36 sec 10 min 42.84 1.99 46.44 9.13 3.82 
Rice husk 500ᵒC 36 sec 1 hr 42.52 2.01 46.8 8.87 3.86 
Sorghum 550ᵒC 12 hr raw 55.35 1.90 29.46 12.62 5.74 
Sorghum 550ᵒC 12 hr 5 hr 80.1 2.66 11.8 4.76 7.18 
 
Table 3. Elemental analysis and heating value results from photochemical pretreatment 
with Chen et al’s results included, highlighted in grey [4]. 
 
Due to the similarities in results with ultrasound pretreatment the photochemical 
results support many of the same postulations made by pH and chemical composition 
data. However, the percentage changes of compositions and heating values between the 
treated chars and raw biochar were lower than sonication treatment. This may 
demonstrate that sonication treatment is more effective than photochemical treatment. 
After the ultrasound treatment, heating value of rice husk was increased because minerals 
were decreased and carbons were possibly captured. However, likewise, photochemically 
treated biochar has high amount of oxygen composition. This may demonstrate that 
oxygen drops heating value of biochar. 
Biochar Mineral Content 
Minerals, specifically: silicon, potassium and sodium were analyzed because 
minerals are likely to drop heating value of biochar, as seen in Table 4 below.  
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Biomass 
type 
Pyrolysis 
temperature 
Pyrolysis 
time 
Ultrasound 
treatment time 
Si 
(mg/g) 
K 
(mg/g) 
Na 
(mg/g) 
Rice husk 500ᵒC 36 sec raw 2.306 9.350 0.10 
Rice husk 500ᵒC 36 sec 15 sec 2.296 5.840 0.07 
Rice husk 500ᵒC 36 sec 30 sec 2.315 5.950 0.07 
Rice husk 500ᵒC 36 sec 1 min 2.380 5.590 0.06 
Rice husk 500ᵒC 36 sec 10 min 2.316 5.200 0.06 
Rice husk 500ᵒC 36 sec 1 hr 2.346 3.650 0.05 
Biomass 
type 
Pyrolysis 
temperature 
Pyrolysis 
time 
Photochemical  
treatment time 
Si 
(mg/g) 
K 
(mg/g) 
Na 
(mg/g) 
Rice husk 500ᵒC 36 sec raw 2.306 9.350 0.10 
Rice husk 500ᵒC 36 sec 15 sec 2.319 5.430 0.06 
Rice husk 500ᵒC 36 sec 30 sec 2.290 5.360 0.06 
Rice husk 500ᵒC 36 sec 1 min 2.324 4.690 0.05 
Rice husk 500ᵒC 36 sec 10 min 2.305 4.350 0.05 
Rice husk 500ᵒC 36 sec 1 hr 2.359 3.940 0.06 
 
Table 4. Mineral content of both ultrasonic and photochemical pretreated biochar 
samples. 
 
The data shows that silicon stays roughly the same. This could suggest that silicon 
does not have a huge effect for heating value increases of biochar. However, there are 
dramatic decreases of potassium and sodium which are decreased around 40% and 45%, 
respectively. In addition, the minerals tend to decrease as the treatment time goes longer. 
The tendency of decrement of minerals for photochemically-treated biochar shows a 
similarity with ultrasonically-treated biochar. Both show that potassium and sodium were 
decreased significantly but silicon shows similar number with raw biochars. Therefore, 
the minerals possibly most effective for decreasing heating value of biochar are 
potassium and sodium.  
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Composition of different biomasses after sonication and photochemical treatment 
Switchgrass biomass was used as well and composition of the biomass was also 
analyzed as shown in Table 5 below. 
Biomass type Pyrolysis 
temperature 
Pyrolysis 
time 
Sonication 
treatment time 
Carbon 
(% w/w) 
Hydrogen 
(% w/w) 
Ash 
(% w/w) 
Oxygen 
(% w/w) 
Switchgrass 500ᵒC 48 sec raw 60.95 3.18 23.39 11.08 
Switchgrass 500ᵒC 48 sec 10min 61.75 3.47 17.4 15.9 
Sorghum 550ᵒC 12 hr raw 55.35 1.90 29.46 12.62 
Sorghum 550ᵒC 12 hr 5 hr 81.2 2.68 11.4 3.98 
Biomass type Pyrolysis 
temperature 
Pyrolysis 
time 
Photochemical 
treatment time 
Carbon 
(% w/w) 
Hydrogen 
(% w/w) 
Ash 
(% w/w) 
Oxygen 
(% w/w) 
Switchgrass 500ᵒC 36 sec raw 35.36 1.76 55 8.01 
Switchgrass 500ᵒC 36 sec 10 min 42.58 1.98 46.91 8.75 
Sorghum 550ᵒC 12 hr raw 55.35 1.90 29.46 12.62 
Sorghum 550ᵒC 12 hr 5 hr 80.1 2.66 11.8 4.76 
 
Table 5. Elemental results of switchgrass biochar testing with both ultrasound and 
photochemical. Includes Chen et al’s results highlighted in grey [4]. 
 
For the switchgrass sample, photochemical treatment method shows better carbon capture 
abilities than sonication treatment. Both treatments show high decrease of ash. Heating 
value was not analyzed. However, based on the previous data, it can be conjectured that 
heating value would be not increased because of an increase in oxygen. 
 
Leachate Analysis 
 Total organic carbon (TOC) and dissolved organic carbon (DOC) were tested in 
the leachates of the samples for potential future applications in mass and energy balances 
and attempting to see if carbon was lost during testing, seen in Table 6. 
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Biomass 
type 
Pyrolysis 
temperature 
Pyrolysis 
time 
Ultrasound 
treatment time 
TOC 
(mg/L) 
DOC 
(mg/L) 
Rice husk 500ᵒC 36 sec raw 1 <1 
Rice husk 500ᵒC 36 sec 15 sec 10 7 
Rice husk 500ᵒC 36 sec 30 sec 20 8 
Rice husk 500ᵒC 36 sec 1 min 21 10 
Rice husk 500ᵒC 36 sec 10 min 20 14 
Rice husk 500ᵒC 36 sec 1 hr 20 14 
Biomass 
type 
Pyrolysis 
temperature 
Pyrolysis 
time 
Photochemical 
treatment time 
TOC 
(mg/L) 
DOC 
(mg/L) 
Rice husk 500ᵒC 36 sec raw 1 <1 
Rice husk 500ᵒC 36 sec 15 sec 10 3 
Rice husk 500ᵒC 36 sec 30 sec 15 7 
Rice husk 500ᵒC 36 sec 1 min 26 11 
Rice husk 500ᵒC 36 sec 10 min 22 14 
Rice husk 500ᵒC 36 sec 1 hr 20 14 
 
Table 6. TOC and DOC results. 
 
Similar to previous results with ultrasound and carbon content where after the first 
minute or so increasing results requires increasing a disproportionate amount of time, 
there is not major increases in TOC and DOC following the first 30 seconds of treatment. 
 Minerals decrease heating value of biochar so seeing an increase in mineral 
content dissolved in the leachate can be an indication that testing is effective in increasing 
heating value. Leachate mineral analyses can be seen in Table 7. 
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Biomass 
type 
Pyrolysis 
temperature 
Pyrolysis 
time 
Ultrasound 
treatment time 
Dissolved 
Si 
(mg/L) 
Dissolved 
K 
(mg/L) 
Dissolved 
Na 
(mg/L) 
Rice husk 500ᵒC 36 sec raw <0.05 0.05 0.06 
Rice husk 500ᵒC 36 sec 15 sec 3.7 45 0.62 
Rice husk 500ᵒC 36 sec 30 sec 4.3 47 0.62 
Rice husk 500ᵒC 36 sec 1 min 5.8 50 0.63 
Rice husk 500ᵒC 36 sec 10 min 7.7 66 0.83 
Rice husk 500ᵒC 36 sec 1 hr 14 79 0.98 
Biomass 
type 
Pyrolysis 
temperature 
Pyrolysis 
time 
Photochemical 
treatment time 
Dissolved 
Si 
(mg/L) 
Dissolved 
K 
(mg/L) 
Dissolved 
Na 
(mg/L) 
Rice husk 500ᵒC 36 sec raw <0.05 0.05 0.06 
Rice husk 500ᵒC 36 sec 15 sec 3.1 40 0.72 
Rice husk 500ᵒC 36 sec 30 sec 5.2 52 0.72 
Rice husk 500ᵒC 36 sec 1 min 12 64 0.80 
Rice husk 500ᵒC 36 sec 10 min 12 68 0.80 
Rice husk 500ᵒC 36 sec 1 hr 11 75 0.85 
 
Table 7. Mineral results from leachate. 
 
It is encouraging to note that compared to samples rinsed and not treated (denoted 
raw in the table), treated samples lost far more minerals in their leachate. Unlike surface 
area and carbon capturing content, however, there appears to be a stronger relationship 
between ultrasonic treatment time and mineral content in leachate. Photochemical 
mineral leachate appears to follow the same trend of diminishing returns seen on surface 
area and carbon capturing. Based on the data above, the amount of carbon lost in leachate 
was negligible and there may a physical benefit afforded by ultrasound that washes 
minerals out of biochar in a way that photochemical treatment does not. 
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Conclusion 
 Purpose 
This paper was meant to be an expansion of the work of Chen et al; namely it was 
wished to test: 1.) whether fast pyrolysis derived biochars might experience similar 
results under ultrasonic and photochemical pretreatment as slow pyrolysis biochars, 2.) to 
see if rice byproduct biomasses could be converted to susceptible biochars to remove a 
waste product in hope of contributing to carbon sequestration, 3.) if switchgrass biochar 
might also be susceptible to pretreatment, and 4.) how altering pyrolysis time and 
temperature affects surface area and the properties of biochar.   
 
Elemental, Mineral, and Heating Value Analysis 
There were significant amounts of carbon capturing during the experiments; both 
sonication and photochemical treatments. pH data was collected in order to find out 
chemical reactions during the sonication treatment. Based on the pH data, two chemical 
reactions were postulated. Minerals and ash in biochar are known to interrupt increasing 
heating value of biochar. After the sonication and photochemical treatments, significant 
amounts of minerals were eliminated which might suggest an increase in heating value. 
However, compared to the results obtained by Chen et al, oxygen amounts were 
increased and heating value was ultimately not able to be increased. It is likely that this is 
a result of the lack of a carrier gas employed by the auger reactor used to pyrolyze 
samples in this paper. The auger employed in this paper allowed the biomass to react with 
the atmosphere during pyrolysis, while Chen et al did not allow such a configuration. It 
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appears pyrolyzation in an oxygen free atmosphere is of the utmost importance to 
producing biochar that is susceptible to having heating value increased by using 
ultrasonic and photochemical pretreatment, despite the biochar appearing to retain its 
ability to be improved in carbon capture and surface area by pretreatment. Therefore, the 
fast pyrolysis method of biochar production still shows a significant amount of carbon 
capturing ability. However, it decreases heating value and increases oxygen and 
hydrogen in biochar. It is possible that fast pyrolysis is still a viable method for 
production of biochar in carbon sequestration, IGCC and co-gasification applications but 
such chars would need to be produced in the absence of oxygen. For applications such as 
use as a soil amendment, the carrier-less gas configuration in a fast pyrolysis auger might 
warrant consideration as it is susceptible to pretreatment as far as surface area increase 
and carbon content is concerned. When positive results occurred in pretreatment, they 
occurred in the first few seconds to minute of treatment and there was very little benefit 
behind lengthening treatment times greater than 1 minute. 
 
Expanding List of Candidate Biochars 
Chen et al kept their results confined to sorghum while this paper tested rice husk, 
rice straw, and switchgrass. Of rice husk and rice straw, it appears that rice husk produces 
the better raw biochar based on surface area testing. Both byproducts are successfully 
pretreated to increase surface area, but rice straw is much more susceptible to ultrasonic 
pretreatment and presents a greater opportunity for further testing between the two as far 
as surface area is concerned. Carbon content was not tested on rice straw and can’t be 
compared with rice husk.  
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Switchgrass proved to be quite susceptible to surface area increases with 
treatment but did not see much opportunity for carbon capture as rice husk and rice straw. 
The switchgrass biomass with the shorter residence time responded better to ultrasonic 
pretreatment than the longer sample did. This could once again be tied to the oxygen 
content and the sample that endured the least exposure to oxygen is the sample that did 
best. 
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Appendix 
Biomass 
type 
Pyrolysis 
temperature 
Pyrolysis 
time 
Photochemical 
treatment time 
Heating Value 
(kcal/g) 
Rice husk 500ᵒC 36 sec raw 3.83 
Rice husk 500ᵒC 36 sec 15 sec 3.84 
Rice husk 500ᵒC 36 sec 30 sec 3.84 
Rice husk 500ᵒC 36 sec 1 min 3.84 
Rice husk 500ᵒC 36 sec 10 min 3.82 
Rice husk 500ᵒC 36 sec 1 hour 3.86 
 
Table A.1 – Previously seen data and some supplemental data from photochemical 
pretreatment trials 
